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Abstract 
This paper deals the determination of the particle size distribution of a material nominally (and inadequately) described as “0 – 
10 silica”.  First, we will outline the routes to obtaining a stable set of light scattering data via wet and dry laser diffraction 
determination.  These stable data are a prerequisite for the deconvolution to a particle size distribution. Second, we will focus on 
the importance of using the correct optical constants (real and imaginary parts of the refractive index) in order that the derived 
particle size distribution is correctly stated.   
In particular this robustness study will show how incorrect optical properties can influence the form (shape) of the derived 
distribution, plus assignation of key points in the distribution (in particular, x10).  Certain supplementary information is essential 
in confirming the correct optical properties 
•   Density via helium gas pycnometry 
• X-ray diffraction (XRD) for polymorph confirmation 
• Becke lines for bracketing the real part of the refractive index 
• Volume concentration experiment for measurement of the imaginary/absorptive part of the refractive index 
In this manner we can then be confident of a stated particle size distribution and an awareness of the factors that can significantly 
affect this derived distribution.  
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1. Introduction 
In a round-robin exercise carried out in 2006, a sample of powdered silica was obtained from Particle 
Technology Laboratories, England as part of a National Physical Laboratory (NPL) investigation into particle size 
distribution measurement using laser diffraction in particular.  The objective of this study was to investigate the key 
parameters involved in measurement of particle size distribution before and after setting a defined method in place.  
The overall report has now been published [1] but this study focuses on the specific work undertaken to elucidate 
the optical properties of the material.  This collaborative detective work was not described in the report.  In 
particular, the nature of the material itself (cristobalite or quartz) is fundamental to the knowledge of the real part of 
the refractive index of the material.  We will describe the nature of the XRD tests that confirmed the material to be 
quartz and thus the real part of the refractive index (1.544) that was reinforced by density measurements (gas 
pycnometer) and Becke Line tests (immersion oils).  With a confirmed real part of the refractive index, a robustness 
test could be undertaken on the imaginary/absorptive part of the refractive index.  A volume concentration 
experiment (combination of Mie Theory and Bouguer’s Law) was then undertaken to ascertain the magnitude of the 
imaginary component.  This measured value (0.01) is in line with other diagnostic data such as the residual 
(difference between theoretical and predicted light scattering patterns) and form/shape of the overall particle size 
distribution frequency plot. 
2. Materials and methods 
Material: “Standard test dust” 0 – 10 silica Batch 4644 Date 26/05/06 Net weight 10 grams  
This was an off-white powder with obvious clumping present, supplied by Particle Technology Laboratories, 
England 
 
Visual light microscopy: an Olympus Mic-D digital microscope was used to examine aliquots of the material 
withdrawn from the wet sample dispersion units. 
 
Laser diffraction particle size distribution was carried out using the Malvern Mastersizer 2000 (0.02 – 2000 Pm) 
and unit equipped with the following wet and dry dispersion accessories: 
x  Hydro 2000S wet dispersion unit (Mastersizer 2000) 
x  Scirocco dry dispersion unit (Mastersizer 2000) 
    On the Mastersizer 3000 results were acquired in the wet dispersed state by means of the Hydro MV unit. 
  
x Helium gas pycnometry – measured on a Micromeritics's Accupyc II 1340 gas pycnometer 
 
x Becke Lines – carried out using immersion liquids supplied by Cargille Laboratories. 
 
x X-ray diffraction (XRD), PANalytical - X'Pert³ Powder system. 
 
There are 2 parts of the refractive index (RI) required for a laser diffraction experiment – the real part (n) and the 
imaginary or absorptive part (k).  In general terms:  
RI = n – i.k where i is the square root of minus one 
3. Results 
The nature of the silica was stated to be cristobalite (RI = 1.486) on receipt.  This is not the usual or an expected 
form of silica, but this assertion was accepted (and used for the initial deconvolution from intensity-angle to particle 
size distribution) until detailed examination of the laser diffraction plots was undertaken. The pressure-size titration 
showed close to a plateau at the highest differential pressures: 
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Figure 1 Pressure-size titration for dry laser diffraction dispersion of “Standard test dust” 0 – 10 silica 
 
The wet results, undertaken with the before, during, and after sonication (BDAS) regime showed stability (key 
parameters of x10, x50, and x90 were better than < 1% RSD for 5 consecutive measurements) but an unexpected 
minimum at 1.2 Pm – a harmonic of the laser wavelength and, normally, an indicator of poor optical property 
selection – showed in the graphical plot.  A shoulder was evident at the lower differential pressures in the dry 
dispersion frequency plot results: 
 
 
 
Figure 2 Left: wet frequency plot (after sonication) Right: dry dispersion plots at 4 and 1 bar differential pressure 
Using RI of cristobalite (1.486) 
 
Thus, more information was needed in order to fix the optical properties of the material.  Obviously the nature of the 
material needed to be confirmed and it was quickly established from X-ray diffraction (XRD) that the material was 
quartz and not cristobalite:  
 
Figure 3 XRD pattern (Courtesy: Kathy Macchiarola, PANalytical) for “Standard Test Dust 0 – 10” showing the reference spectra for quartz and 
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cristobalite for comparative purposes (perfect match with quartz) 
 
This procedure fixed the real part of the RI at 1.54 – 1.55.  See References [2] and [4].  Independent confirmation of 
this value came from 2 sources: 
x A Becke line experiment using Cargille immersion oils found a value of between 1.50 and 1.60 
x A helium gas pycnometer experiment indicated a density of 2.674 g/cm3 for the material and this can be 
directly linked to the refractive index (in the simplest form, via the Gladstone-Dale (GD) approximation; RI 
= 0.195U + 1.03 and thus approximate RI is 1.551.  See Reference [3]).  Cristobalite has a density of 2.3 
g/cm3 approximately and would have a GD-calculated RI of 1.479; literature 1.486 
The imaginary/absorptive part of the refractive index was then studied with a robustness test.  As the material was 
shown to be non-spherical then this ruled out a value of 0 for the imaginary (ISO 13320:2009 Section 6.6.3).  A 
robustness test was then carried out with values of the imaginary differing by a factor of 10 (0.001, 0.01, 0.1, and 
1.0). 
 
 
 
Figure 4 Robustness test for the imaginary component of the refractive index for “Standard Test Dust 0 – 10” 
Using correct RI for quartz (1.544) 
 
Table 1 Key parameters (x10, x50, x90) with optical property change for “Standard Test Dust 0 – 10” 
 
Sample Name Measurement date and time x10 x50 x90 x95 Obs.
NPL 100% u/s 1.544/0.001 Thursday, October 05, 2006 2:22:30 PM 1.708 4.098 9.952 12.366 9.74
NPL 100% u/s 1.544/0.01 Thursday, October 05, 2006 2:22:30 PM 1.53 3.879 9.161 11.318 9.74
NPL 100% u/s 1.544/0.1 Thursday, October 05, 2006 2:22:30 PM 0.998 3.155 8.087 10.041 9.74
NPL 100% u/s 1.544/1.0 Thursday, October 05, 2006 2:22:30 PM 0.782 2.768 8.52 10.922 9.74
Mean 1.25 3.48 8.93 11.16 9.74
Standard Deviation 0.44 0.62 0.81 0.96 0.00
Relative Standard Deviation 34.76 17.84 9.09 8.64 0.00  
We note that with the correct real part of the RI for quartz (1.544; Dana [4]) that all results show a single frequency 
peak without a shoulder.  As the particle size gets smaller the variation in key parameters increases and thus the 
robustness to change in the imaginary component of the RI is diminished .  The results break down into 2 groups – 
those with the highest imaginary components (0.1 and 1.0) of the RI producing narrower distributions than those 
with the lower imaginary component (0.001 and 0.01).    
A route to the measurement of the imaginary part of the RI is described in ISO13320:2009 Section A.9 
‘Concentration’ in, Reference [5], and in a webinar, [6].  The basic calculation is: 
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where C is the volume concentration, O is the obscuration (and thus 1 – O is the transmission), lb is the path length 
of the contained particles, Ai is the extinction efficiency of class size i, xi is the geometric mean particle size of class 
size i, 'Q3,i is the volume fraction within class size i 
The software deals with this directly as the path length is known and the light is measured going in and out of the 
system.  The Mie parameters are used to calculate Ai and thus change of these will alter the calculated volume 
concentration.  A calculated volume concentration is stated on the analysis report.   If the real volume concentration 
is known then this can be compared against that calculated.  The real and calculated volume concentrations will be 
in agreement when the correct optical properties are utilized.  Given that we have correctly measured the real part of 
the RI then the only parameter we vary here is the imaginary part of the RI. 
An experiment was then conducted with 19.9 mg of the powder dispersed to stable particle size. We have a 
previously found density of 2.674 g/cm3.  This corresponds to 0.0074 cm3 of powder.  The volume utilized in the 
accessory was found to be 102 mL from decantation into a measuring cylinder.  The results for the calculated 
volume concentration (producing an obscuration of 18.9%) were: 
 
Table 2: Effect of refractive index on light scattering fit (residuals) and calculated volume concentration 
 
Sample name RI Imag Res. Wt. Res. Calc. Conc. (vol%)
NPL Silica 0 - 10 Test dust   19 9  mg 1.544/0.001 1.54 0.001 0.595 0.895 0.0076
NPL Silica 0 - 10 Test dust   19 9  mg 1.544/0.01 1.54 0.01 0.58 0.68 0.0073
NPL Silica 0 - 10 Test dust   19 9  mg 1.544/0.1 1.54 0.1 1.184 1.771 0.0066
NPL Silica 0 - 10 Test dust   19 9  mg 1.544/1.0 1.54 1 1.123 0.789 0.0050  
 
 
The actual % volume concentration was 100*0.0074/102 = 0.00725 comparing well with the value calculated for the 
0.01 imaginary.  In the above this is further supported by the 2 residual values where the lowest values for both the 
weighted and un-weighted residuals are found for the 0.01 value. 
Visualization of the particles is crucial and this image is taken from the sample accessory after application of 
ultrasound: 
 
 
Figure 5: Digital microscope view of the “Standard Test Dust 0 – 10” material 
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The image shows relatively transparent particles of an irregular shape.  Careful examination is able to show 
conchoidal fractures of the particles typical of brittle materials.  Again this supports the selection of the 0.01 value 
for the imaginary part of the RI. 
The optical property optimizer on the Mastersizer 3000 (See Reference [7]) makes the above examination somewhat 
simpler. In this experiment 0.0170 g of the material was dispersed in 118 mL of DI water providing a final known 
volume concentration of 100*[0.017/2.674]/118 volume % or 0.0054 vol %.  The key parameters are as follows: 
 
Table 3: Optical property optimization for “Standard Test Dust 0 – 10” material with Mastersizer 3000 
Sample Name Measurement Date Time x10 x50 x90 RI Imag Res. Wt. Res [C]
NPL Test dust 0 - 10 No u/s 0.0170 mg 1.544/0.001 4/10/2014 15:13 0.041 2.58 8.45 1.544 0.001 0.66 0.47 0.0080
NPL Test dust 0 - 10 No u/s 0.0170 mg 1.544/0.01 4/10/2014 15:13 1.35 3.78 9.53 1.544 0.01 0.67 0.47 0.0055
NPL Test dust 0 - 10 No u/s 0.0170 mg 1.544/0.1 4/10/2014 15:13 0.972 3.03 8.74 1.544 0.1 0.81 1.74 0.0048
NPL Test dust 0 - 10 No u/s 0.0170 mg 1.544/1.0 4/10/2014 15:13 0.842 2.75 8.49 1.544 1 0.74 0.53 0.0038  
 
 
Again we find good agreement at 0.01 for the imaginary component.  The optical property optimizer allows the 
effect of changing the properties (“robustness”) to be immediately apparent: 
 
 
 
Figure 6: Screen dump of optical property optimizer on Mastersizer 3000 showing the virtually flat fit difference (green plot - excellent 
agreement between theory and result) for “Standard Test Dust 0 – 10” material 
 
With the correct optical properties the comparison between the MS2000 and MS3000 data is excellent – the 
MS3000 being slightly more sensitive than the 2000, especially at the lower end, and showing a slightly broader 
distribution: 
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Figure 7: Comparison of results on Mastersizer 2000 and 3000 for “Standard Test Dust 0 – 10” material 
4. Discussion 
 We note the following stages in the detective work leading up to deducing the correct optical properties for any 
given material noting that we require the real part of the RI to 2 decimal places only and the imaginary component 
to an order of magnitude (factor of 10): 
x Confirm the chemical nature of the material (XRD is very helpful here) 
x Obtain stable laser diffraction data (intensity-angle) 
x Visually inspect the material with manual or electron microscope noting whether the material is 
irregular or spherical in shape and the nature of light transmission through the particle (opaque, 
translucent, transparent, colored, crystalline, amorphous and so on) 
x Measure or otherwise obtain (literature) the real part of the refractive index 
x Conduct a robustness test for the imaginary component noting that 0 is only possible for a 
homogeneous transparent sphere and that high values of the imaginary (> 0.1) are usually only 
possible for irregular opaque or colored materials 
x Reject values of the imaginary that lead to results that are not in line with knowledge of the material 
(processing) or those with minima at harmonics of the laser wavelength (in particular 1.2 Pm for a He-
Ne laser) or those that mix sub- and post-micron material with separated peaks (unlikely in nature but 
possible with synthetic mixtures) 
x If the robustness test indicates unacceptable variation in a required key parameter, conduct a volume 
concentration experiment (the density of the material is required here) combining Bouguer’s law and 
Mie theory to measure the imaginary part of the RI 
x Examine the fit and residual combining this evidence with that known or found via other evidence 
x Present the evidence for the selected optical properties along with the robustness testing for the 
imaginary component.  Report the utilized RI values for the stated particle size distribution 
For further information on the optical properties of silica see the webinar indicated in Reference [2] 
5.  Conclusions 
A combination of techniques is required to determine the real and imaginary parts of the refractive index required 
for accurate deconvolution of the laser diffraction intensity-angular data and these are described in the paper.  In this 
case the optical properties of the material were found to be RI = 1.544 – 0.01i.  This provides the sizes for the key 
parameters determined by the wet route on the Mastersizer 2000 to be x10 (1.53 Pm), x50 (3.88 Pm), x90 (9.16 Pm), 
and x95 (11.32 Pm) respectively in good agreement with those on the Mastersizer 3000 (x10 1.35, x50 3.78, x90 9.53, 
x95 11.8 Pm) respectively. 
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